Introduction
As clusters grow towards the bulk, their geometric and electronic structures undergo fundamental transitions. In particular, the evolution of the metallic state in metal atom clusters has drawn attention. The discussion of metallicity on the nanoscale is hampered by the fact that it is well defined only for the bulk, i.e. by a non-zero electronic density of states at the Fermi energy. Generally, clusters have a gap at E F because of their finite size and so they are never metallic in a strict sense. Issendorff and Cheshnovsky circumvented this issue by considering a cluster as metallic if its energy level spacing E gap at the Fermi energy drops below the Kubo gap. 1 The Kubo gap represents the average energy level spacing in a metallic particle of finite size, if a statistical level distribution is assumed. 2 However, the electronic structure of simple metal clusters like sodium is well described within the shell model where electrons are treated as free particles in a spherical box. This implicates highly degenerate energy levels and in contrast to the Kubo criteria substantial gaps for certain cluster sizes arise. Considering the Kubo criteria solely is therefore not sufficient to assess the metallic character of a cluster. This point has been discussed for zinc clusters thoroughly. 3 Besides the electronic shell structure and the Kubo gap also the electronic screening and the bonding nature have to be taken into account. Although the concept of metallicity has to be used cautiously, we term a cluster metallic in the following if the mentioned criteria are sufficiently fulfilled. Experimental values for E gap can be derived from photoelectron spectroscopy (PES). The difference of the first two vertical photodetachement energies is the gap of the corresponding neutral cluster in the geometry of the anion. This gap is a reasonable approximation to the gap of the neutral cluster, if the ground state geometries of the anion and the neutral cluster do not differ substantially. Characteristic metal to insulator transitions (MIT) have been detected by PES for several cluster species. In Hg N − clusters for example, the gap steadily decreases with the cluster size and closes at about N = 400. 4 The gaps of Sn N − clusters on the other hand close at around N = 40. 5 In the same size regime the geometries of Sn N + clusters become spherical whereas prolate structures are preferred for smaller species as ion mobility measurements have shown. 6 Although the charge state certainly influences the geometric structure of a cluster the relation between geometric structure and metallicity becomes evident here. where the MIT occurs.
In the present article we study neutral Pb N clusters, which is straightforward since any influence of the excess charge is avoided. Several theoretical studies are dedicated to neutral Pb cluster.
12-14 Wang et al. calculated gaps between highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO) as well as densities of states up to Pb 22 using density functional theory (DFT). 15 They observed gaps around 1 eV for their largest cluster investigated and a considerable dependence on the geometric structure. However, the reliability of HOMO-LUMO gaps from DFT calculations has been questioned 16 and they should be treated with caution.
In this study we employ the electric molecular beam deflection (MBD) method in order to shed light on the MIT in Pb clusters and its structural manifestation. The MBD probes dipole moments and polarizabilities of a given neutral cluster. Since a classical metallic particle cannot have a permanent dipole moment, i.e. the electronic screening should be almost perfect, it is a meaningful indicator for a non-metallic state. This was concisely pointed out by de Heer and co-workers for small sodium clusters. 17 Beam profiles from MBD experiments are also sensitive for the cluster geometry. Hence, a structural assignment is possible, as demonstrated for several group 14 clusters. [18] [19] [20] [21] Former molecular beam deflection experiments on neutral lead clusters at 50 K indicated dipole moments or anomalies in the polarizability for several Pb N (N ≤ 40) without suggesting any structures for them. 22 We have repeated these measurements at 30 K to ensure the rigidity of the clusters. The experimental data are supported by an extensive global minimum search. Structures are further relaxed employing two-component (2c) DFT in order to account for SO effects on the geometries and dipole moments. The metallic character of the clusters is further evaluated by gaps from 2c time-dependent DFT (2c-TDDFT) calculations.
Experimental and computational methods
The experimental 23 and computational 21 procedures have been described earlier and we only give a brief outline here. Lead clusters are generated in a pulsed laser vaporization source using helium as carrier gas. 24 The cluster-helium mixture is cooled in a cryogenic nozzle (T nozzle = 30 K) before a molecular beam is formed by supersonic expansion into a high vacuum chamber. Two collimators shape the molecular beam to a rectangular profile before it enters an electric two-wire field unit.
The external field with a gradient @E @z deflects a cluster in a quantum state i with mass m and velocity v by
Here, A is an apparatus constant and @ε i @E the Stark effect. The latter is a cluster specific quantity and determines its deflection behaviour. Downstream of the deflection unit the clusters arrive at a scanning slit plate, are photoionized by a F 2 excimer laser (7.89 eV) and subsequently detected by a time-of-flight mass spectrometer. Photoionisation mass spectra are measured as a function of the slit position with and without applied electric field. The relative intensities of a cluster species in this mass spectra yield beam profiles as shown in Fig. 1a and 2a. The polarizability of a rigid, almost spherical rotor can be extracted from the beam profile by first order perturbation theory. 22 Herein, experimental polarizabilities α exp are reported for Pb N (N = 20-24), where no or a minor dipolar contribution to the beam shift due to a permanent dipole moment is observed. 25 Promising lead cluster structures are obtained by a global optimization approach employing the Pool Birmingham Cluster Genetic Algorithm. 26 Structures are relaxed using plane-wave DFT within in the Quantum Espresso program package. 27 The
Perdew-Burke-Ernzerhof 28 (PBE) functional is used and 14 electrons for each lead atom are treated explicitly; the remaining core electrons are described by a pseudopotential [29] [30] [31] with a suggested minimum cutoff of 40 Ry of the plane-wave basis.
The following orbital based DFT calculations (PBE) are carried out using the Turbomole 32 and NWChem 33 program packages.
Isomers within 0.5 eV of the global minimum (GM) are considered for further local optimizations at the scalar relativistic DFT level of theory with the def2-TZVP basis set 34 and the Stuttgart energy consistent effective core potential (ECP). 35 Vibrational analyses are performed to ensure all geometries correspond to true minima. These structures are used as starting geometries for 2c-DFT local optimizations (def2-TZVP-2c/ Stuttgart SO-ECP). [35] [36] [37] The results are shown in Fig. 1b and 2b (see the ESI † for the corresponding xyz coordinates). Static isotropic polarizabilities α el are calculated for the 2c minimum structures at the scalar relativistic level of theory only. In order to estimate the gaps of the lead clusters 2c-TDDFT calculations have been carried out. 38 Gaps from TDDFT calculations are expected to yield more accurate results than just taking HOMO-LUMO gaps from DFT calculations. 16 The deflection of an ensemble of rigid rotors in an electric field can be simulated by a convolution of the undeflected profile with the dipole distribution function. The latter is readily obtained by a molecular dynamics simulation, where moments of inertia, dipole moments and polarizabilities from DFT calculations enter parametrically. 19 The only free parameter in this simulation is the rotational temperature of the clusters. So, simulations are carried out for each isomer from T rot = 5-50 K. However, in accordance to previous studies T rot = 30 K is appropriate (see Fig. S1 †).
Results and discussion

Structures and dielectric properties
The experimental beam profiles of Pb 19 are shown in Fig. 1a . A broadening is observed as the field is applied. This is characteristic for a cluster with permanent dipole moment. Fig. 1b displays the three lowest lying isomers identified by the GA run. The GM 19a is a C 2 symmetric structure similar to the GM reported by Ho and coworkers. 13 It has a moderate dipole moment of 0.72 D and its simulated beam profile well describes the experimental data. Isomer 19b is a peculiar structure consisting of Pb 9 and Pb 10 subunits only 0.02 eV above the GM; this geometry has a dipole moment of 1.82 D and the corresponding beam profile is significantly broadened. Therefore, it can be ruled out. Almost equal in energy is isomer 19c, an atom-centered prolate D 3d structure with a vanishing dipole moment. This isomer does not fit the experimental data and so 19a is expected to be the dominant structure in the molecular beam. The three energetically lowest lying isomers of Pb 20 are shown in Fig. 1b . The GM structure 20a is an oblate D 3h symmetric cluster with a zero dipole moment. This is in very good agreement with the non-broadened experimental beam profile (Fig. 1a , α exp = 7.4 ± 1.4 Å 3 ). Isomer 20b is 0.17 eV higher in energy and contains a hexagonal antiprism motif. It has a considerable dipole moment of 1.85 D, hence a substantial contribution to the experimental beam profile is excluded. Isomer 20c is a prolate structure with two central atoms and has previously been proposed as the GM. 39 Although it nicely matches the experimental beam profile, it seems unlikely to be the dominating structure under our experimental conditions due to its high relative energy. The beam profile of Pb 21 in Fig. 1a is slightly broadened if the deflecting field is on, pointing towards a structure with small dipole moment (α exp = 7.2 ± 1.3 Å 3 ). The C 2 symmetric GM 21a is a prolate structure with two inner atoms and can be considered as two isolated pentagonal bipyramids (PBP) with seven glue atoms. It has a small dipole moment of 0.36 D and its simulated beam profile explains the experimental one very well. The higher lying isomers 21b and 21c can be both ruled out due to the increased beam broadening in the simulation.
Hence, 21a appears to be the only relevant isomer in the experiment. The GM of Pb 22 is a C 1 symmetric structure 22a, which is also shown in Fig. 1b . It resembles the motif of 21a with two individual PBP plus eight glue atoms and the simulated beam profile is in very good agreement with the experiment. However, isomer 22b has no permanent dipole moment due to its symmetry (D 2d ). No remarkable broadening is observed for the experimental beam profile (α exp = 6.9 ± 0.9 Å 3 ), which is very well reproduced by the simulated beam profile. Both, 22a and 22b, sufficiently explain the experimental data and cannot be distinguished in our experiment, though the small α exp probably hints towards 22b. The higher lying isomer 22c can be ruled out based on its large dipole moment. The experimental beam profile of Pb 23 is shifted but not broadened, so a structure with a small or zero dipole moment is expected (α exp = 6.4 ± 0.9 Å 3 ). This applies for the GM 23a, which contains a hexagonal antiprism motif. Its beam profile is in excellent agreement with the experiment. Isomer 23b has a very similar structure to 22c, but its dipole moment is too large to explain the experiment. Isomer 23c is a distorted version of 23b and cannot describe the experiment either.
No pronounced beam broadening is observed for Pb 24 (α exp = 6.7 ± 1.1 Å 3 ). Only two local minimum structures are found below 0.2 eV. The putative GM 24a is a prolate C 3v symmetric structure, which is very similar to 23a with respect to the hexagonal antiprism motif. Its small dipole moment of 0.28 D causes a slightly broadened beam profile, which nicely explains the experiment. The structure of isomer 24b follows the pattern of 22c and 23b. Its considerable dipole moment of 1.28 D yields a significantly broadened beam profile in contrast to the experiment. Fig. 2b displays energetically low lying local minimum structures and beam profiles of Pb 31 . The GM is the C 1 symmetric structure 31a containing three PBP subunits. Its simulated beam profile is in reasonable agreement with the experimentally observed profile, which is substantially broadened. Isomer 31b is only 0.02 eV higher in energy. Its geometry is very similar to 31a, but it has a smaller dipole moment. This gives rise to a less broadened beam profile than the one observed experimentally. Isomer 31c has a similar dipole moment compared to 31a, so it is also able to explain the experimental findings. Nevertheless, a significant contribution to the experimental beam profile seems unlikely due to its high relative energy.
The Pb 36 cluster shows a distinctive beam broadening if the electric field is on (Fig. 2a) . In Fig. 2b the five lowest lying local minimum structures are reported. Their geometries all have C 1 symmetry and permanent dipole moments ranging from 0.41 to 1.27 D. The GM 36a (μ 0 = 0.43 D) contains three independent PBP, but it can also considered as three Pb 9 subunits with nine glue atoms. The Pb 9 cluster on the other hand consists of two interpenetrating PBP. 21 However, the dipole moment of 36a is too small to explain the experimental beam broadening. Isomer 36b is only 0.03 eV higher in energy than 36a and has a dipole moment of 0.85 D. Its simulated beam profile resembles the experimental data very well. The structure also contains three Pb 9 subunits. This applies also for isomer 36c, though the different relative arrangement gives rise to a dipole moment of 0.75 D, which still yields a reasonable agreement with the experiment. Isomer 36d fits the experimental data in similar quality as 36a and can therefore be ruled out. The simulated beam profile of 36e is too broad to explain the experiment. Isomer 36b appears to be predominant in the molecular beam though 36c cannot be ruled out. The beam profiles of Pb N (N = 19-24, 31, 36) are well described by rigid rotor simulations employing the structures and properties of low lying local minima. As shown in Fig. 2a this procedure does not hold for Pb 25 . Its beam profile is strongly shifted indicating an elevated polarizability, but is not broadened at all. The three energetically lowest lying isomers exhibit dipole moments between 0.64-1.46 D. Although the permanent dipole moment of a rigid rotor contributes to the total shift, a considerable beam broadening would be expected as well. 25 Hence, none of them fits the measured beam profile within the rigid rotor simulation. The observed beam shift comes up to an effective polarizability of 10.90 ± 1.16 Å 3 ,
whereas DFT predicts values of 7.9-8.5 Å 3 . Since the polarizability of a cluster usually does not depend strongly on the geometry, it seems very unlikely that an isomer without permanent dipole moment and an increased polarizability has been missed out by the global optimization. In fact, more than 20 local minimum structures up to 0.5 eV have been found, but none of them provides a good fit to the experiment. The dipole moment of a rigid cluster is fixed with respect to its geometry and the projection of the dipole moment on the field axis only depends on the rotational motion. In a thermally excited cluster, vibrational motions can couple to the rotation and induce or alter the dipole moment components. If these processes are not correlated to the rotational motion of the cluster, the beam broadening completely vanishes and only the beam shift is enhanced by a contribution of the permanent dipole moment μ 0 . The resulting effective polarizability α eff is described in a Langevin-Debye-type model
The internal temperature T int is assumed to be equal to the nozzle temperature (30 K). Taking a dipole moment of μ 0 = 1.43 D into account results in an effective polarizability of 14.55 Å 3 for isomer 25a. Isomer 25b, which is only 0.03 eV higher in energy, has a dipole moment of 0.64 D, giving rise to an effective polarizability of 10.20 Å 3 . This value is in good agreement with the experiment, whereas α eff of isomer 25c is too large (15.35 Å 3 ). The Langevin-Debye-type behaviour has been described for the Rh 10 cluster at 49 K (ref. 40 ) and for silicon clusters at room temperature. 41 At room temperature multiple vibrational modes are excited and isomerization processes become possible. This is certainly not the case for Pb 25 at 30 K so the question persists why no beam broadening is observed for this cluster. It has been shown for organic molecules that the beam broadening can be quenched if certain vibrational modes are excited, which couple strongly to the rotational motion. 32-34, which have been omitted in this study due to the excessive computational cost of the global optimization. Since a vanishing permanent dipole moment is not a sufficient condition of metallicity their character cannot be assessed based on the MBD experiments only. However, the elucidated geometries give further insight. Li et al. proposed that the electron delocalization is obstructed by individual, strong covalently bound PBP Pb 7 subunits. 39 The occurance of such structural subunits in Pb clusters would further support that they are not metallic. Apart from 19a and 20a all experimentally identified isomers contain several PBP. In particular, Pb N (N = 21-25) can be considered as two PBP with a growing number of glue atoms. Isomer 31a contains three PBP, though four are found in 31c. Despite the fact that the PBP is the dominant structural subunit, their number is not necessarily maximised in the GM. The situation is consistent for Pb 36 , though Pb 9 subunits appear, which are basically two interpenetrating PBP. We note that the occurrence of subunits with localised electron density is of course related to the appearence of permanent dipole moments, i.e. due to the relative arrangement of the subunits in a certain cluster. However, for some cluster species the permanent dipole moment (almost) vanishes for symmetry reasons although they contain PBP subunits.
TDDFT gaps
The experimentally observed dipole moments and the assigned structures show that lead clusters up to 36 atoms do not fulfill typical criteria of metallicity. Further evidence for their metallic character comes from the size of the energy gap E gap compared to the Kubo gap E Kubo , which is larger than E gap in a metallic particle
Gaps are calculated by 2c-TDDFT for Pb N using experimentally proven geometries from section 1 and the literature. 21 Fig . 4 displays the results together with the Kubo gaps, taking four valence electrons per lead atom (N E ) into account (E F (Pb) = 9.37 eV). The gaps vary with the cluster size and decrease from 0.75 eV for Pb 7 to 0.26 eV for Pb 36 with relative maxima for Pb 9 , Pb 13 , Pb 19 . In the jellium model maximum gaps are expected for Pb N (N = 9, 10, 17, 20, …) due to shell closures. This is certainly not reflected by the data in Fig. 4 . The gaps do not drop below the Kubo gap for any cluster size, which decreases from 0.45 for Pb 7 to 0.09 eV for Pb 36 . The Pb 23 has the smallest gap of all clusters considered (0.20 eV), which is only slightly larger than the corresponding Kubo gap (0.14 eV). Accordingly, the sizes of the gaps further corroborate the experimental results and show that also clusters can be considered as non-metallic, which do not have a significant permanent dipole moment. The correlation between the gaps and the dipole moments does not follow a clear trend. For the icosahedron Pb 13 a zero dipole moment and the largest gap (0.92 eV) is observed, while other cluster like Pb 12 (μ 0 = 0.59 D) and Pb 19 have large gaps and significant dipole moments. Nevertheless, we mention, that the trend of gaps and dipole moments is qualitatively similar for Pb N (N = 19-25), i.e. clusters with small dipole moments have also small gaps (e.g. Pb 23 ) and vice versa. This is interesting insofar as dipole moments and gaps vanish in the bulk limit.
In order to estimate the evolution of the gaps for even larger sizes, the gap of Pb 54 has been calculated. A global optimization as outlined in section 2 was not feasible here, but Pb 54 is assumed to be an cuboctahedron. 37 The 
Conclusions and outlook
We reported beam profiles from electric molecular beam deflection at 30 K for several medium sized lead clusters. Cluster structures are assigned to the observed beam profiles by the comparison of experimental with simulated beam profiles. For Pb 19 and Pb 20 we find an asymmetric and an oblate structure, respectively as GM. The trend towards atom centered structures starting with Pb 13 is interrupted for Pb 19 Apart from Pb 54 the experimentally found geometries are used, which correspond to the GM or the GM + 1 for Pb 16 , Pb 18 and Pb 25 , respectively. Structures of Pb 7 -Pb 18 are taken from the literature. 21 For Pb 54 a cuboctahedral geometry is assumed. 37 The metallicity of lead clusters has been evaluated in terms of their electron screening, their gaps and their structures. The observed dipole moments indicate an electronic screening which is typical for non-metallic systems. Gaps from TDDFT calculations show that they are considerably larger than the Kubo gaps. We have identified Pb 7 PBP as predominating structural subunits, which have earlier been related to strong electron localization. 39 With respect to their experimentally observed electronic screening behaviour and their gaps in comparison to the Kubo gap we conclude that lead clusters are not metallic up to at least Pb 36 . The non-metallicity of lead clusters is structurally not manifested in prolate geometries as in tin clusters but in the cumulation of Pb 7 or Pb 9 subunits. As quantum chemistry suggests the gaps further decrease for larger cluster sizes (Pb 54 ). Finally we notice that spin-orbit coupling leads to a separation of 0.97 eV between the state with total angular momentum quantum number J = 0 (p 
